INTRODUCTION
In clinical epidemiology, prognosis refers to the future course and outcome of a disease. A notable aspect of the epilepsies is their highly variable prognosis, even among individuals with the same seizure types and epilepsy syndrome. Approximately 60% of people with epilepsy achieve long-term remission of seizures very shortly after starting antiepileptic drug (AED) treatment, while 20-30% have a chronic disorder without ever experiencing significant periods of remission (1) . Seizure control is an important factor in minimizing the risk of death from epilepsy, and remission of seizures is associated with improvements in quality of life (2) . Therefore, a key issue for clinical practice in epilepsy, and the development of new therapeutic approaches, is the extent to which genetic variation contributes to variation in treatment response. While a great deal is becoming known about genetic susceptibility to epilepsy (3), very little is known about genetic influences on the prognosis of epilepsy, and to date, genetic effects on epilepsy prognosis are unexplored at a genome-wide level.
For most pharmacogenetic research, attempts to identify genetic factors governing individual response to treatment are founded on a usually untested assumption-namely that genetically determined individual responses exist (4) . For epilepsy however, the clinical observation that therapeutic response to the first AED predicts response to subsequent AEDs (5) supports the presence of individual effects on broad treatment response. Twin studies suggest that such individual effects on the outcome of treated epilepsy are mediated, at least in part, by epilepsy genetic susceptibility factors (6) .
From a mechanistic point of view, genetic effects on the prognosis of newly treated epilepsy can be envisaged to operate on a number of levels including effects on inherent disease severity (7), or via pharmacodynamic (PD) or pharmacokinetic (PK) mechanisms of pharmacological effect (8) (Fig. 1) . Determining the precise mechanism of effect for any given genetic association with epilepsy prognosis requires downstream experimental investigation, but from an epidemiological perspective, genetic associations with epilepsy prognosis via any mechanism may have important implications for the development of new therapeutic approaches and could contribute increased precision to prediction of AED response.
Another important consideration in the investigation of genetic effects on the prognosis of epilepsy is whether the study should be conducted in the retrospective case -control setting or using a prospective cohort design. While the retrospective case -control design has been the standard approach for disease susceptibility genome-wide association studies (GWASs), in the study of disease prognosis, the prospective cohort design confers a number of important advantages. These include the ability to characterize clinical risk factors before treatment is initiated (mitigating concerns regarding the retrospective ascertainment of exposure), improved accuracy of measurement of clinical exposure and outcome, the ability to minimize bias in the selection of cases and controls, improved understanding of gene-exposure interactions and improved accuracy of predictive modelling (9, 10) . These strengths led us to adopt a prospective cohort design for our study despite its disadvantages in terms of time duration and cost compared with the retrospective case -control design.
Here, we report the first GWAS of prognosis of epilepsy using two independent, prospective cohorts of newly treated epilepsy. We report single SNP association P-values for each cohort and total evidence from a meta-analysis of the two cohorts. In addition, we sought evidence that particular classes of biological pathways are associated with epilepsy prognosis, which is an important next step in translating GWAS information to knowledge of disease processes underlying prognosis of epilepsy, as well as the development of future multi-genic predictors for use in clinical settings.
RESULTS
Patients with a new clinical diagnosis of epilepsy requiring medical treatment were recruited to independent prospective cohorts of newly treated epilepsy in the UK and Australia. The UK cohort consisted of 916 subjects who participated in the Standard and New AED (SANAD) trial (11, 12) . The Australian (AUS) cohort consisted of 380 subjects recruited from epilepsy clinics at two hospitals in Australia; the Royal Melbourne Hospital and the Austin Hospital in Victoria. The distribution of clinical characteristics for all subjects and for those included in the GWAS is detailed in Table 1 .
The recent consensus statement from the International League Against Epilepsy (ILAE) proposes that treatment success in epilepsy should be defined as freedom from seizures for a minimum of 12 months, as this outcome is consistently associated with improved quality of life (13) . Therefore, patients achieving 12-month (365 days or longer) remission of seizures were defined as "responders", and patients failing to achieve 12-month remission were defined as "non-responders". Patients followed for ,1 year were excluded from the study. A potential difficulty with this outcome is that it is not possible to know Fig. S1 ), we observed that the likelihood of remission falls sharply with time, such that for all patients in the study who achieved 12-month remission, 90% did so within 2.03 years of starting AED therapy. As the median follow-up of non-responders in our study was 2 . 4 years (IQR 1.7 -3.6 years), the number of patients misclassified due to inadequate follow-up is expected to be small. To date, no validated genetic association with epilepsy prognosis has been reported. However, a number of clinical factors such as the number of seizures pre-treatment and to a lesser Values in the table are actual number with percentages in brackets. ALL refers to all patients recruited to the study, and GWAS to those patients included in the genome-wide association study. We identified clinical factors informative for epilepsy prognosis using a univariate logistic regression model. Univariate odds ratios (ORs) for association of clinical factors with 12-month remission of seizures in the UK and AUS cohorts are shown in Table 2 .
Clinical prognostic factors chosen for inclusion in the GWAS based on the significance at P , 0.05 in the UK cohort were as follows: age at starting treatment, number of seizures before treatment, EEG result, epilepsy type, presence or absence of neurological impairment and treatment with gabapentin (GBP).
After sample and genotyping quality control (QC, Materials and Methods), a total of 889 newly treated epilepsy patients followed for at least 1 year and for whom remission status and complete clinical covariate information was available were included in the analysis. The duration of follow-up is reported in Supplementary Material, Table S1 . There was no difference in proportions of responders and non-responders among patients included or excluded in the GWAS (P ¼ 0.91, 0.75 and 1.0 for UK, AUS and combined, respectively).
Association analysis of 12-month remission of seizures was performed for the UK and AUS cohorts separately, and the results from each cohort were combined using a fixed-effect meta-analysis (Materials and Methods). The genomic inflation factors for the two pairs of GWAS and their meta-analyses were UK Adjusted ¼ 1.01, UK Unadjusted ¼ 1.00, AUS Adjusted ¼ 1.06, AUS Unadjusted ¼ 1.01, Meta Adjusted ¼ 0.98, Meta Unadjusted ¼ 0.98. Quantile-quantile (QQ) plots of the expected versus observed P-value distributions for these are shown in Supplementary Material, Figure S3 . Manhattan plots of -log 10 -transformed P-values from the meta-analyses with and without adjustment for significant clinical prognostic factors are shown in Figure 2 .
Supplementary Material, Table S2 , reports all SNPs with associated P-values ,1.0 × 10 24 from the meta-analyses. No variant achieved genome-wide significance (defined as P meta , 5.0 × 10
28
). Two loci (indexed by rs492146 and rs72700966) showed suggestive evidence (defined as P meta , 5.0 × 10
27
) for association in the unadjusted analysis, and a third locus (indexed by rs143536437) showed suggestive evidence for association in the adjusted analysis (Table 3) .
A further eight previously unreported loci were tentatively (defined as P , 1.0 × 10
25
) associated with epilepsy prognosis (Supplementary Material, Table S2 ). The full list of SNP IDs and The two loci indexed by rs492146 and rs143536437 were independently associated in both the UK and AUS cohorts, fulfilling the Wellcome Trust Case Control Consortium 2 (WTCCC2) criteria for 'strong' evidence for association (16) , while rs72700966 was only significant in the UK cohort (although the observed direction of effect was the same in AUS as that in the UK study).
All the three variants indexed by SNPs with P meta , 5.0 × 10 27 exhibited similar effect sizes in the adjusted and unadjusted analyses, suggesting that the associations were not mediated by the identified clinical prognostic factors. Regional association plots for the three loci showing strongest association with remission of seizures are shown in Figure 3 . In order to provide an approximate guide to the credibility of the three suggestive associations, we calculated a posterior probability of association (PPA) as described in Stephens and Balding (17) . The PPAs were calculated using the combined genotypic data for UK and AUS, without clinical covariates, assuming a normal prior for effect sizes and a 4:1 weighting of additive and general models. We assigned a prior probability of association of 10
24
, corresponding to an assumption that 300 kb is tightly linked with a variant associated with remission of seizures in newly treated epilepsy. The PPAs obtained were 0.72 for rs492146, 0.16 for rs72700966 and 0.18 for rs143536437, suggesting that the first of these is more likely than not a true association, while the other two are less secure but have a non-negligible probability and are worthy of further consideration.
Genes of biological interest at the three loci with index SNPs associated with epilepsy prognosis at P meta , 5.0 × 10 27 are considered briefly below: 6p12.2 (rs492146): GSTA4 encodes glutathione S-transferase (GST) alpha 4. GSTs are a superfamily of phase-II drugmetabolizing enzymes. The alpha class of GSTs encode enzymes with glutathione peroxidase activity that function in the detoxification of lipid peroxidation products and are implicated in the protection of neurons following injury (18) . 9p23 (rs72700966): PTPRD encodes protein tyrosine phosphatase receptor type D. PTPRD is implicated in the regulation of synapse development and function (19) . Rare structural Human Molecular Genetics, 2014, Vol. 23, No. 1 251 variants in PTPRD have been associated with attention deficit disorder (20) and autism (21) and ptprd2/2 mice exhibit impaired spatial learning and enhanced long-term potentiation (22) . Variants in the 5 ′ UTR of PTPRD are associated with the neurological disorder restless legs syndrome (23) .
15q13.2 (rs143536437): ARHGAP11B (alias FAM7B1) encodes rho GTPase activating protein 11B. Rho GTPases play an essential role in neuronal development (24) . ARHGAP11B is one of the seven genes (the others being MTMR15, MTMR10, TRPM1, KLF13, OTUD7A and CHRNA7) deleted in 15q13.3 microdeletion syndrome associated with mental retardation and refractory epilepsy (25) , and rare ARHGAP11B deletions are observed in autism spectrum disorder (26) .
A focussed examination of 280 genes involved in drug absorption, distribution, metabolism and excretion (ADME) defined according to the PharmaADME database (27) , as well as ADME genes for AEDs (Supplementary Material, Table S3 ), revealed no significant association between these genes and prognosis of newly treated epilepsy other than GSTA4. Similarly, we observed no significant association between the outcome of newly treated epilepsy and the human leukocyte antigen genes or genes associated with epilepsy susceptibility by GWASs (28,29) (Supplementary Material, Table S3 ).
For the three loci indexed by SNPs below the P meta , 5.0 × 10 27 threshold, we investigated whether there was an interaction between the genotype and the treatment type by conditioning on each AED in turn (see Materials and Methods and Supplementary Material, Fig. S4 ). We first performed the analysis according to the initial AED treatment, but since patients may change AED during their course of treatment we repeated the analysis for the 355 patients who made no change in AED during the study. After adjusting for epilepsy type, we observed a nominally significant interaction between rs72700966 (PTPRD) and oxcarbazepine (P ¼ 7.0 × 10
) and between rs492146 (GSTA4) and topiramate (P ¼ 0.04). However, only rs72700966 survived correction for multiple tests (P ¼ 0.035), and the interaction results should be further interpreted with caution, given the small numbers in each treatment category.
For all SNPs associated with prognosis of epilepsy at P , 1.0 × 10
, we tested whether the observed allele frequencies in UK and AUS cohorts were significantly different from those in the 381 European samples of the 1000 Genomes project (Supplementary Material, Table S2 ). The results were not significant for rs72700966 (P ¼ 0.53), and only nominally significant for rs492146 and rs143536437 (P ¼ 0.01 and 0.02 respectively), providing little evidence that these variants may be epilepsy susceptibility SNPs. In keeping with this conclusion, none of the top three loci showed evidence for being epilepsy susceptibility SNPs in GWAS reporting loci associated with epilepsy at genome-wide significance (28, 29) .
We estimated the power of our study to detect genetic associations with prognosis of newly treated epilepsy following the methodology of Bacanu et al. (30) , modified for an additive test. Our power calculations (Supplementary Material, Fig. S5 ) indicated that we had 80% power to detect causal variants at genome-wide significance (P , 5.0 × 10 28 ) which individually explained ≥4.4% of the variance of outcome of newly treated epilepsy, and 50% power for variants explaining ≥3.3% of the variance. The findings from our GWAS therefore suggest that there are unlikely to exist common variants that Association present in both the UK and AUS cohorts independently.
MAF for responders and non-responders for each cohort (UK and AUS) for these SNPs and all SNPs with P ,
are given in Supplementary Material, Table S2 .
252
individually have a strong influence on a patient's likelihood of achieving remission after starting AED treatment. Our results do not exclude a model in which epilepsy prognosis is a polygenic trait of multiple common variants of small effect.
Under such a model, sets of genes representing causal biological pathways may be enriched among genes with moderate association P-values. To date, pathway analysis of prognosis of epilepsy has been unexplored, and pathway analysis is an under-utilized approach to analysing treatment response phenotypes in general (31) . Yet such an approach might inform biological processes underling disease prognosis, and act as a starting point for the development of multi-SNP predictors of outcome. We therefore sought evidence from the GWAS that particular classes of biological pathways are associated with epilepsy prognosis using two independent pathway methods, ALIGATOR (32, 33) and pathMaster (34) (Materials and Methods). ALIGATOR and pathMaster methods can be considered complementary; rather than testing for enrichment of significant genes within pathways as ALIGATOR does, pathMaster tests the absolute association between a pathway and an outcome by aggregating all information within a pathway into a single test statistic. Kyoto Encyclopedia of Genes and Genomes (KEGG) and Gene Ontology (GO) pathways associated with epilepsy prognosis by both ALIGATOR and pathMaster are reported in Table 4 , with the full results from either method given in Supplementary Material, Table S4 . GWAS P-value thresholds for ALIGATOR were chosen in accordance with the summary statistics for ALIGATOR (Supplementary Material, Table S5 ). Taken together, our results suggest that prognosis of newly treated epilepsy is potentially influenced by multiple genetic factors. In such situations, heritability analysis, when applied to distantly related individuals in a GWAS, can be used to estimate the total phenotypic variance of a trait by considering the variance explained by a linear mixed-effects model involving all SNPs (35, 36) . Using the software LDAK (36), we computed kinship matrices for each cohort, both with and without adjustment for linkage disequilibrium, then using GCTA (35) we estimated variance explained, both with and without adjustment for clinical prognostic factors. Unfortunately, the standard error of the heritability estimates were too high (a minimum of 50% for both UK and AUS cohorts) to provide reliable estimates of heritability.
Finally, for the three loci indexed by SNPs with P meta , 5.0 × 10
27
, we examined whether the SNPs could be tagging copy number variation (CNV) using cnvHap (37) . Several rare CNVs were identified in genes at or within 20 kb of the index SNPs (Supplementary Material, Table S3 ), none of which were associated with remission of seizures at significance ≤5%.
DISCUSSION
To date, the focus of genetic efforts in treatment response to epilepsy has been on candidate gene studies. However, the biological mechanisms by which AEDs act are poorly understood, constraining candidate gene investigations to the existing knowledge base.
In contrast, the genome-wide association method offers a hypothesis-free approach to systematically investigate genetic effects. Yet despite the advantages of the genome-wide approach in pharmacogenetics, fewer than 5% of GWASs catalogued by the US National Human Genome Research Institute are studies of treatment response (http://www.genome.gov/gwastudies/), perhaps reflecting the difficulties of studying prognosis as opposed to susceptibility.
Here, we report the genome-wide association and biological pathway analysis of prognosis of newly treated epilepsy. Uniform baseline clinical characteristics were collected on all patients at study entry and seizure outcomes were measured prospectively. This prospective design overcomes many of the problematic aspects of analysing disease prognosis in the retrospective case-control setting, and permits an unbiased incorporation of clinical prognostic factors in the statistical analysis.
How to define responders and non-responders is a key issue in any study of treatment response. We chose 12-month remission of seizures as the clinical outcome in accordance with the recent consensus statement from the ILAE and because this epilepsy outcome is consistently associated with improved quality of life (and in many countries, including the UK and Australia, is the minimum seizure-free period that allows a patient with epilepsy to drive legally). While this definition is not without limitations, international acceptance of an outcome definition is essential to facilitate replication and future meta-analysis, and external clinical validity is important for developing clinically relevant predictive models of response.
We considered that the inclusion of clinical covariates informative for epilepsy prognosis could either help or hinder the detection of genetic effects on prognosis, depending on whether the genetic factors acted via one or more intermediate clinical prognostic factor. Therefore, we performed the analyses both with and without adjustment for clinical prognostic factors. This approach has the advantage of being agnostic about whether including clinical prognostic factors in the model can increase or decrease the power to detect genetic effects on outcome.
In our study, no single SNP achieved the WTCCC2 cut-off for genome-wide significance (P meta , 5.0 × 10 28 ), although suggestive evidence for association (P meta , 5.0 × 10
27
) was observed for three loci, and calculation of posterior probabilities of association suggested that rs492146 is more likely than not a true association. Although our moderate sample size does limit our ability to detect variants of small effect, we have sufficient power to conclude it is unlikely that any single common variant explains .4.4% of the variance of outcome of newly treated epilepsy. The finding that no single common variant has a major influence on the chance of remission of seizures in newly treated epilepsy is important, since it has been suggested that drug response phenotypes might be mediated by higher effect size common variants due to little negative evolutionary pressure on drug response variants. While large effect sized SNPs have been reported for hypersensitive drug reactions (e.g. 38), our study suggests that this may not be the case for drug efficacy phenotypes, where there is a more complex interplay between inherent disease severity and pharmacological effectiveness. Our results suggest that for epilepsy, the genetic architecture of treatment response more closely aligns with complex traits than expected, and so would be improved by the inclusion of additional samples. This conclusion is supported by the large standard error associated with our estimates of heritability, but to our knowledge, the cohorts reported here are the only genotyped prospective cohorts of newly treated epilepsy currently available worldwide.
As a result of these insights, we reasoned that the analysis of sets of genes representing biological pathways may have greater power to detect genetic effects on the outcome of newly treated epilepsy. We used two methods of pathway analysis (ALIGATOR and pathMaster) that could be considered complimentary; ALIGATOR tests for enrichment of significant genes within pathways whereas pathMaster aggregates all information within pathways. A number of candidate pathways informative for epilepsy outcome were identified in both ALIGATOR and pathMaster analyses, including KEGG categories 'calcium signaling pathway' and 'phosphatidylinositol signaling pathway,' which may warrant further investigation.
In conclusion, the findings from our GWAS represent a first step in the comprehensive analysis of genetic effects on the prognosis of newly treated epilepsy. Our results suggest a limited role for common variants of strong effect and prompt efforts directed at increasing the sample size through additional prospective cohorts of newly treated epilepsy, the development of geneset analyses and exploring the role of rare variant effects in epilepsy outcome.
MATERIALS AND METHODS

Patients
Epilepsy patients were recruited to UK and Australian prospective cohorts of newly treated epilepsy. The UK cohort consisted of 916 patients who participated in the Standard and New AED (SANAD) trial (11, 12) . SANAD was a randomized, controlled trial consisting of two treatment arms. Arm A included patients for whom carbamazepine (CBZ) was considered the first-line treatment, most of whom had focal epilepsy. Patients in Arm A were randomly assigned to receive CBZ, GBP, lamotrigine, oxcarbazepine or topiramate. Arm B included patients for whom sodium valproate was considered the first-line treatment, most of whom had generalized epilepsy. Patients in Arm B were randomly assigned to receive sodium valproate, topiramate or lamotrigine. Inclusion criteria for the study were (i) epilepsy patients aged ≥5 years, (ii) two or more spontaneous seizures requiring AED treatment, (iii) not previously treated with AED, (iv) monotherapy considered the most appropriate treatment option and (v) willing to provide consent. Exclusion criteria were (i) provoked seizures (e.g. alcohol), (ii) acute symptomatic seizures (e.g. acute brain injury) and (iii) progressive neurological disease (e.g. brain tumour). Patients were classified according to clinician's judgement and classification of epilepsy and seizure outcomes were re-assessed at final data entry. Database checks highlighting inconsistencies were queried with the investigator. The Australian (AUS) cohort consisted of 380 treatment naïve patients prospectively recruited from epilepsy clinics at two hospitals in Australia: the Royal Melbourne Hospital and the Austin Hospital in Victoria. Inclusion and exclusion criteria for the AUS cohort were identical to the UK cohort, except that the AUS study excluded patients ,10 years and the choice of AED was determined by physician's preference.
Clinical covariates
Baseline clinical covariates were gender, age at starting treatment, cranial computed tomography (CT) or magnetic resonance imaging (MRI) result, EEG result, total number of seizures pretreatment, type of epilepsy, neurological impairment (defined as localizing neurological signs resulting in functional impairment) and initial AED. CT and MRI scans were classified as abnormal, not done or normal/non-specific abnormality. EEGs were classified as epileptiform abnormality (defined as focal or generalized spike or spike and slow wave activity), not done or normal/nonspecific abnormality. Seizure types and epilepsy syndromes were classified according to the ILAE Classification (39) . Epilepsy type was classified as focal, generalized or unclassified (unclassified where there was uncertainty between focal or generalized onset epilepsy). The UK cohort, which was more than twice the size of AUS, was chosen as the discovery cohort for the purpose of selecting clinical prognostic factors for inclusion in the GWAS; clinical factors which showed association with 12-month remission of seizures in a univariate logistic regression model at P , 0.05 were included.
Outcome definition
Epilepsy patients achieving 12-month (365 days or longer) remission of seizures were defined as "responders", and patients failing to achieve 12-month remission were defined as "nonresponders". Patients followed for ,1 year were excluded from the study.
Sample and genotyping QC
The UK samples were genotyped at the Wellcome Trust Sanger Institute on Illumina 660. QC of samples was based on the following criteria, with inclusion/exclusion thresholds for each determined empirically: samples were removed if they displayed heterozygosity outside the interval [0.281,0.299] (28 samples failed), sample call rate ,0.98 (11 additional samples failed), gender discordance (3 additional samples failed), pairwise relatedness .0.9 (i.e. accidental duplicates, in which case the lowest quality sample was excluded) (28 samples failed). The presence of highly related individuals can cause confounding in association studies, so a second filtering was then applied to ensure that no pair had estimated relatedness .0.1, a threshold set just below that expected for first cousins (12 samples removed). Principal component analysis (PCA) was performed Fig. S2 ). Of the remaining 822 samples, the UK GWAS was performed using the 654 treatment naïve patients observed for at least 1 year after starting AED therapy and for whom the remission status and complete clinical covariate information was available (436 responders and 218 non-responders).
The AUS cohort of 380 samples was genotyped on the same platform and at the same institution (but at a different time) as the UK cohort, and genotype QC followed the same procedures: heterozygosity outside the interval [0.291, 0.309] (10 samples failed), call rate ,0.98 (8 additional samples failed), accidental duplication (2 additional samples failed), pairwise relatedness .0.1 (7 samples failed) and PCA (4 samples removed). For the remaining 349 samples, remission status and complete clinical covariate information were available for 235 treatment naïve patients followed for at least 1 year (188 responders and 47 nonresponders) who were included in the AUS GWAS.
SNP imputation
The Illumina 660 chip interrogates genotype values for 594 398 SNPs. This number was first reduced to 540 497 for the UK cohort and 533 985 for AUS, by applying (QC) thresholds based on minor allele frequency (MAF . 0.01), call rate (CR . 0.95) and a P-value from a test for Hardy-Weinberg Equilibrium (HWE . 10
26
). We imputed against the 1000 Genome reference panel using IMPUTE2 (40) 
GWAS analysis
Supplementary Material, Figure S2 , presents plots of the first two principal component axes for the UK and AUS cohorts separately, and when combined. When compared against samples from the HapMap project, it is evident that the UK and AUS cohorts are predominantly of Caucasian ancestry, but also that AUS appears to be more heterogeneous than the UK cohort. For this reason, we decided to analyse each cohort separately, then combine the two sets of results by meta-analysis.
Association analyses were performed using a logistic regression model; letting p denote the probability of becoming a responder, the model supposes logit(p) ¼ log(p/1 2 p) ¼ m + Xb + Cl + e, where m reflects the baseline odds, X represents the genotype of the SNP under examination (with effect size b) and C denotes the covariates (with effect sizes l). Each SNP's genotypes were coded under an additive model, which assumes that the SNP's effect on the log odds is determined by the count of the alternative allele (0, 1 or 2). For imputed SNPs, X could be noninteger, equal to the expected allele count provided by the imputation; however, it is advised to perform the analysis using the expected values rather than replace them with, say, the most likely genotype value (41) . C includes covariates representative of population structure, obtained through PCA of the genotype matrix; the leading axes with eigenvalues significant at 5% using the Tracy-Widom test were included (four for UK, three for AUS). The regression analysis was performed using the logistic option of PLINK (42) . For both cohorts, the analysis was performed once with significant clinical prognostic factors included in C ("adjusted"), and once without ("unadjusted"). The effect size estimates for each SNP from the UK and AUS GWASs were corrected for genomic inflation (43) and combined using a fixed-effect meta-analysis, weighting the effect size estimates from each study by their standard deviation using the PLINK option-meta-analysis. Regional association plots ("Broad Plots") for the most strongly associated regions were prepared using R code provided by the Broad Institute (44).
To examine evidence for an interaction between the genotype and the treatment type, for the top SNPs from the meta-analysis we enlarged the logistic regression model to include a drugspecific effect size. For example, when considering the possible effect of CBZ, we included b_CBZ to allow for an SNP's effect to be different across patients administered CBZ relative to those on other treatments. We considered each of the AEDs in turn, computing a P-value based on whether b_DRUG was significantly non-zero. Because patients may change AED during the course of the study, we repeated this analyses restricted to the 355 patients in the study whose AED remained unchanged.
Pathway analysis
We used two independent methods, ALIGATOR (32, 33) and pathMaster (34) , to test the results of the meta-analysis for over-representation of biological pathways obtained from GO (downloaded from http://www.geneontology.org/, restricting to pathways containing between 5 and 600 genes) and KEGG. ALIGATOR corrects for varying numbers of SNPs per gene and multiple overlapping functional pathways. To apply ALIGATOR, it is necessary to specify a GWAS P-value threshold; each pathway is scored by counting the number of its genes that contain one or more SNPs with P-value below this threshold. This score is then tested for significance by permutation. The choice of GWAS P-value threshold is arbitrary, since it depends on the sample size and the distribution of genetic effect sizes which is usually unknown; the most informative threshold will therefore balance confidence that the identified pathways have a true causal relationship with the phenotype and not missing any genuine pathway associations. As a pragmatic solution to the problem of choosing a P-value threshold ALIGATOR recommends exploring a range of thresholds to determine which gives the most significant increase in overrepresented functional categories. We therefore considered P-value thresholds at 0.01, 0.001 and 0.0001. Analyses were undertaken before and after adjusting for clinical prognostic factors. All ALIGATOR analyses used 5000 simulated replicate gene lists and 2000 simulated replicate studies. PathMaster (34) evaluates the overall genetic contribution of a given pathway via a cumulative trend test statistic; this is the sum of the Armitage trend test statistic over all of the SNPs in the pathway. The null distribution of the pathway statistic is estimated by a skew normal or gamma distribution; the distribution chosen is determined by the Kolmogorov-Smirnof test statistic. The parameters of the chosen distribution are estimated from 100 random permutations of case-control labels. The null
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Human Molecular Genetics, 2014, Vol. 23, No. 1 distribution is estimated separately for each pathway (see (42) for details). Analyses were undertaken before adjusting for clinical prognostic factors. For both ALIGATOR and pathMaster, SNPs were assigned to genes if they were within gene boundaries or 20 kb either side.
Copy number variation (CNV) analysis
For loci indexed by SNPs below the P , 5.0 × 10 27 threshold, we examined whether the SNPs were tagging CNV using cnvHap (37) . cnvHap is an integrative multi-platform haplotypebased method which uses population distribution of allele frequency to train its haplotype hidden Markov model and has been shown to be more accurate than other methods in calling CNVs from SNP data. We extracted Log R Ratio (LRR) and B allele frequency (BAF) from the intensity files and corrected for the GC content and long-range autocorrelation. CNV calls were generated in cnvHap using LRR, BAF and Illumina platformspecific parameters and any potential CNV call was visually inspected. We searched each gene using a 50 Kb window, testing each CNV discovered for association with 12-month remission using a logistic regression framework with population genotype derived principal components and age and gender included as covariates.
Power plots
Power plots were estimated following the methodology of Bacanu et al. (30) modified for an additive test. Power was calculated based on the significance threshold of 5.0 × 10 28 (genome-wide significance), given the number of responders and non-responders in our meta-analysis, for MAFs between 1 and 50%.
Ethics
This study was conducted under MREC 02/8/45. Consents were obtained according to the Declaration of Helsinki (BMJ 1991; 302: 1194).
